Leucocytozoonosis was found in three layer farms in chickens with suspected fatty liver or fatty liver hemorrhagic syndrome in Korea between 2009 and 2011. These layer chicken flocks showed both mortality and decreased egg production for one or two weeks when they were between 59 and 82 weeks old. At the necropsy, the most prominent gross lesions were found in the liver, which was enlarged, had a fragile texture, exhibited yellowish discolorations, and had various hemorrhagic lesions. Tissue reactions associated with megaloschizonts specific for Leucocytozoon caulleryi were prominent upon microscopic examination of the liver without significant lipidosis. In addition, the ovaries and uterus were the most affected organs for Leucocytozoon caulleryi multiplication, which led to decreased egg productions. Molecular studies with formalin-fixed, paraffin-embedded tissues were performed in search of a partial region of the cytochrome b gene for hemosporidian parasites. Based on these results, the causal agent was determined to be closely related to Leucocytozoon caulleryi reported in Japan and Malaysia. In this study, we describe recently re-occurring leucocytozoonosis in layer chickens, which required histopathology for disease diagnosis. To prevent outbreaks and maintain chicken health and egg production, layer chickens need to be monitored for symptoms of leucocytozoonosis.
Introduction
Leucocytozoonosis in chickens is one of the important poultry diseases caused by the parasitic protozoa Hemosporida belonging to the phylum Apicomplexa. Leucocytozoon caulleryi (L. caulleyri) was first reported in Vietnam in 1909, and leucocytozoonosis in chickens has been endemic to south-eastern Asian countries [1] [2] [3] . In Korea, starting with its first report in 1959, leucocytozoonosis cases had been continuously reported through the late 1990s [4] [5] [6] [7] [8] . However, the prevalence of the disease significantly decreased after the year 2000 due to improved facilities such as windowless housing [9] . The clinical features and the required method of diagnosis of this hemosporidian disease in the chicken flock mainly depend on its life cycle, especially whether the parasite is in the stage of schizogony and gametogony. In the stage of schizogony, sporozoites are transmitted from the salivary glands of an insect vector, Culicoides arakawae (C. arakawae), invade the vascular endothelium in various organs of the chickens, and develop into first generation schizonts. The second generation, observable as megaloschizonts, can be detected with histopathology. Subsequently, megaloschizonts release merozoites which invade and develop into gametocytes in erythrocytes, thus marking the gametogony stage. At this point, leucocytozoonosis can be diagnosed with a blood smear. As the disease progresses, chickens suffer from internal hemorrhages and anemia, resulting in increased mortality and decreased egg productions [10] [11] [12] . Although leucocytozoonosis has characteristic clinical signs and pathological lesions, this disease can be confused with other hepatic disorders, such as fatty liver or fatty liver hemorrhagic syndrome (FLHS). Indeed, these hepatic diseases usually occur in the summer, and lead to similar clinical symptoms including a decrease in egg production and mortality, and similar hepatic lesions, such as fragile hepatic tissue texture and hepatic hemorrhages [11] [12] [13] [14] [15] [16] . However, histopathological examination can clearly differentiate these two hepatic diseases in that chicken leucocytozoonosis shows characteristic megaloschizonts and associated tissue reactions in various organs including the liver [11] [12] [14] [15] . Moreover, fatty liver and FLHS lead to fatty vacuoles in hepatocytes, and FLHS additionally presents with reticulolysis and vein degenerative changes [14, 17] . In this study, we report the recent occurrence of chicken leucocytozoonosis in layer chicken flocks suspected of having fatty liver or FLHS. Gross and microscopic examinations and molecular studies were used to characterize chicken leucocytozoonosis cases. In addition, we emphasize the importance of histopathological diagnosis of poultry diseases in order to control the reoccurrence of this protozoal disease for the health and egg productivity of chickens.
Materials and methods

Case history
Three necropsy cases from different layer farms of four chickens per farm were submitted to the Avian Disease Laboratory in Chungbuk National University between 2009 and 2011. They were 82 weeks old from Kangwon in 2009 (farm A), 59 weeks old from Kyunggi in 2011 (farm B), and 72 weeks old from Chungbuk in 2011 (farm C). All of them were reared in conventional cages in windowless houses, and the farms experienced egg production losses for one or two weeks during late summer from the middle of August to September and less than one percent weekly mortality.
Necropsy and laboratory examinations
Necropsy on each case was performed following the standard procedures. Bacteriological examinations were performed with liver culture. Routine screening of avian influenza virus (AIV) were performed for virus isolation and molecular detection with trachea and cecal tonsil samples [18] , and PCR for fowl adenovirus serotype-4 (FAdV-4) was performed with liver tissues [19] . The organs with gross lesions were fixed in 10% neutralized formalin, and processed tissues were trimmed, embedded in paraffin, sectioned at 4 mm, and stained with HE. Microscopic examination was performed with a light microscope.
Molecular analysis with formalin-fixed paraffin-embedded tissues
Polymerase chain reaction (PCR) was performed on a partial region of malarial parasites' cytochrome b (cyt b) gene of the mitochondrial genome with formalin-fixed, paraffin-embedded (FFPE) tissues with specific lesions containing L. caulleryi megaloschizonts. Samples of 4 mm-sectioned FFPE tissues were de-paraffinized with xylene, and DNA was extracted using RecoverAll™ Total Nucleic Acid Isolation Kit (Life Technologies Corporation, Carlsbad, CA, USA). To confirm gene extraction efficacy, housekeeping genes glyceraldehyde-3-phosphate dehydrogenase and beta-actin were also amplified [20] . Partial cyt b gene of Leucocytozoon spp. was amplified using nested PCR as described by Hellgren et al. (2004) [21] , and nucleotide (nt) sequences of PCR products were analyzed with BigDye ® Terminator v 3.1 Cycle Sequencing Kit and Applied Biosystems 3730xl DNA Analyzer (Applied Biosystems, Foster City, CA, USA). Phylogenetic analysis was performed on the 476 bp sequences of the cyt b gene by the maximum-likelihood method in the Molecular Evolutionary Genetics Analysis (MEGA) software package, version 7.0.14, and comparative sequences used for phylogeny were obtained from GenBank™. The phylogenetic tree was constructed after 1,000 bootstrap replications, and the Kimura two-parameter model was used to estimate the evolutionary distances.
Results
Gross lesions and laboratory examinations
At necropsy, the layer chickens from the three different farms commonly showed friable hepatic lobes, splenomegaly, degenerated ovaries and oviducts, and excessive abdominal fat. Layers in farm A had ruptured livers covered with resultant blood clots over the entire lobe, and there were subcapsular hemorrhages on the margins of both lobes (Fig. 1A) . Chickens from farm B had yellowish friable livers that showed hemorrhages underneath the capsule as well as pinpoint hemorrhages on the lobes and margins (Fig. 1B) . Chickens from farm C had hepatomegaly and petechial or necrotic lesions on the lobes (Fig. 1C) . Spleens were enlarged with hypertrophied white foci, and ovarian follicles were atrophied and misshapen, which is associated with yolk peritonitis or fibrous peritonitis (Fig. 1D, E) . Other lesions observed in some birds were petechiae in the kidney, enteritis, perihepatitis, an irregular surface of an oviduct, and excessive abdominal fat (Fig. 1F) .
Routine screening of AIV had negative results for both biologic and molecular examinations. For hepatic lesions, any bacterial colonies were not isolated from the liver cultures, and FAdV-4 was not detected in the liver samples by PCR.
Microscopic lesions
On the microscopic examination, megaloschizonts specific for L. caulleryi were found in various organs examined including the liver, spleen, kidney, heart, lung, pancreas, and reproductive organs, the ovary and oviduct. Each of the L. caulleryi megaloschizonts contained numerous basophilic schizonts in round unilocular structures surrounded by well-defined capsular walls, which were eosinophilic-stained, of various sizes, and in either solitary or aggregated forms ( Fig. 2A ). There were various degenerating stages from intact to highly degenerated in the various tissues (Fig. 2) . Developing megaloschizonts consisted of fulfilled schizonts in an intact capsule, and some of the schizonts had started to rupture, liberating merozoites from the defective schizonts (Fig. 2B) . Partially or mostly depleted schizonts had irregular capsules and amorphous structures; the normal structure was hard to recognize after the tissue reactions (Fig. 2C, D) . Protozoal degeneration induced various tissue reactions in the host. Released merozoites and defective capsules induced infiltration with lymphocytes, heterophils, foreign-body giant cells, and macrophages around the periphery of the schizonts (Fig. 2C, D) .
In livers, each flock showed different patterns in regard to histopathologic lesions for parasitism and associated tissue reactions. Chickens from farm A exhibited a multifocal area of coagulative necrosis, where the normal structure of hepatic cords was lost, and foreign-body giant cells were formed around amorphous eosinophilic areas, which were composed of degenerated megaloschizont capsules (Fig. 3A) . Central and hepatic veins were severely congested and showed lymphocytic venous phlebitis. In farm B, livers showed a group of aggregated megaloschizonts, which ranged from being intact to empty due to liberation of merozoites, which induced foreign-body giant cell formation. In addition, pleomorphic lymphocytes infiltrated into almost all the veins, leading to venous phlebitis and periphlebitis (Fig. 3B) . Lipidosis coverage was less than ten percent in all tissues. In farm C, livers showed multifocal architectural disruptions where eosinophilic matrix with erythrocytes replaced hepatic cords as well as the presence of aggregated forms of parasitism (Fig. 3C) .
Other organs were also affected by Leucocytozoon infections. In the spleen, lymphoid cells were depleted, and irregular eosinophilic structures were found, which resulted from degenerate megaloschizonts (Fig. 3D) . In the lung, megaloschizonts were found mostly in solitary forms in both the respiratory lobules and interlobular The liver lobes from farm A were covered with blood clots (arrows). B: Liver from farm B was yellowish in color, and a subcapsular hemorrhagic region was present (arrow). C: Liver lobes from farm C were enlarged and had multifocal petechiae (arrows). D: The spleen from three flocks commonly showed enlargement and white mottling (arrows). E: The ovarian follicles were misshapen, atrophied, and congested (arrows). F: The kidney had multiple pin-point hemorrhages (arrows). Fig. 3 Histopathological findings in the liver, spleen, lung, heart, kidney, pancreas, oviduct, and ovary from three cases of chicken leucocytozoonosis in different chicken layer farms between 2009 and 2011. A: Liver from farm A showed severe coagulative necrosis and eosinophilic amorphous residues of megaloschizont capsules of Leucocytozoon caulleryi surrounded by multi-nucleated giant cells (arrow). B: Liver from farm B showed a group of megaloschizonts specific for L. caulleryi, illustrating different degenerate stages (arrow) and pleomorphic lymphocytes infiltrated around hepatic veins (open arrow). C: Liver from flock C showed multifocal hemorrhages (arrows). D: The spleen showed lymphocytic depletion and eosinophilic residues of degenerating megaloschizonts (arrows). E: In the lung, megaloschizonts were found mostly in solitary forms in both the respiratory lobules and interlobular connective tissues (arrows), and defective schizonts induced mild pneumonitis (open arrow). F: In the kidney, there were hemorrhages (arrows) and interstitial nephritis associated with leucocytozoonosis. G: In the pancreas, the large areas of zymogen depletion in the exocrine cells were found around the groups of megaloschizonts (arrows) and were marginated from unaffected exocrine glands (open arrows). H: In the ovary, a considerable number of schizonts (arrow) multiplied and replaced the normal structure of the ovary. I: In the oviduct, numerous developing megaloschizonts were observed within the lamina propria of the gland, some of which invaded the muscularis layers. HE staining. Bar = 200 mm (A) and 500 mm (from (B) to (I)). connective tissues where merozoite-laden alveolar macrophages were found. Defective schizonts induced mild lymphocytic pneumonia (Fig. 3E) . In the heart, the severity of tissue reactions ranged from no inflammatory reactions or reaction only adjacent to the heart to destructive schizonts in the myocardium. However, in other cases, marked accumulation of mononuclear cells was found within the epicardium that extended to the myocardium (Fig. 2) . In the kidney, there were prominent hemorrhages associated with the degeneration of schizonts, and interstitial lymphocytic infiltrations were found (Fig. 3F) . In the pancreas, zymogen depletion in the exocrine cells was observed in a large area of all the sections around groups of megaloschizonts (Fig. 3G) .
The reproductive organs, specifically the ovaries and oviducts, were the most actively proliferating tissues for L. caulleryi. In the ovary, the parenchymal zone was filled with considerable numbers of second-generation schizonts and, as a result, normal ovarian follicles were lost (Fig. 3H) . Numerous developing megaloschizonts were observed within the lamina propria of the oviduct gland, some groups of which invaded the muscularis layers. Pressure atrophy of the glandular structure in the oviduct was caused by severe parasitism and edema (Fig. 3I) . However, inflammatory cellular infiltration was seldom observed despite the release of merozoites or disrupted capsules in both the ovaries and the oviducts.
Phylogenetic analysis
The organs that exhibited aggregates of L. caulleryi megaloschizonts were identified during the microscopic examinations and studied on a molecular level with FFPE tissues. PCR was used to detect the presence of the partial region of the cyt b gene and was successfully identified in the FFPE tissue from one case. A phylogenetic analysis was performed based on the partial gene of mitochondrial DNA for Leucocytozoon spp., and we showed that the hematoprotozoa in this study belonged to the L. caulleryi strain. The strain in this study (KX398011) was closely related to the strains reported in Japan in 2008 (AB302215.1) and in Malaysia in 2015 (KT290933.1) (Fig. 4) .
Discussion
In Korea, leucocytozoonosis had been problematic in commercial chicken layers since the first report in 1959 [5] [6] , but there have been much fewer reports since 2000. In this study, using histopathology and molecular studies, we confirmed the recent occurrences of leucocytozoonosis in layer chicken cases that were suspected to have fatty liver or FLHS. As such, we emphasize the importance of histopathological diagnosis for hepatic diseases in poultry for controlling as well as preventing the re-occurrence of chicken leucocytozoonosis. Fig. 4 A maximum-likelihood phylogenetic tree based on the partial Cytochrome b gene of various Leucocytozoon species in this study (asterisk) and those obtained from GenBank.All strains are indicated by the Leucocytozoon species name, the accession number, and the country where the agent was reported. Bootstrap values ( > 50%) are listed as percentages after 1,000 replications, and the genetic distances were calculated by the Kimura-two method. The scale bar indicates the number of substitutions per site.
Three cases in this study showed prominent gross lesions on the liver associated with fragile hepatic texture, hepatic hemorrhages, splenomegaly, regressive reproductive organs, and excessive abdominal fat. Unfortunately, these characteristic gross findings could also indicate fatty liver or FLHS. Moreover, in the summer season, laying hens frequently suffer from fatty liver or FLHS, especially those reared in conventional battery cages [13] [14] [22] [23] . In addition, other hepatic diseases, such as salmonellosis or inclusion body hepatitis by FAdV-4, could co-occur [24] [25] , so careful diagnosis is needed so that other hepatic diseases are not overlooked.
Microscopic examinations provide definitive diagnosis tools for chicken leucocytozoonosis even though there was lack of molecular evidence for L. caulleryi infections [11, 15] . Histopathologically, L. caulleyri presents its characteristic megaloschizonts in the vascular endothelium of various organs [8, 10, 15] , which is distinctive from other avian hemosprodians including Leucocytozoon spp. infective for other avian hosts, such as L. simondi for duck leucocytozoonosis [2, 26] . In this study, all of the three cases were diagnosed as L. caulleryi infection because they were infected with histopathologically identical pathogens characteristic for L. caulleryi, one of which was phylogenetically belonged to L. caulleryi.
In addition, histopathological examination afforded the evidence of co-occurred infection. In the case of farm B, livers of chickens showed intense venous phlebitis and periphlebitis, where veins were infiltrated with lymphocytes that showed pleomorphism, indicative for Marek's disease [27] . However, there was not prominent evidence of hepatic lipidosis in any of the three cases, which meant that the hepatic lesions were not largely due to lipidosis or FLHS. For the possible co-occurred infections of hepatic diseases, there were no evidence of bacterial infection and FAdV-4 infection from the laboratory examination.
Even though the histopathology for L. caulleryi was the definitive tool for diagnosis, recent occurrence of chicken leucocytozoonosis is so rare that gross and microscopic lesions of this protozoal disease could be overlooked and unrecognized. In this study, three cases were undiagnosed and left as unknown cases, and only formalin-fixed or FFPE tissues were kept for the longperiod storage. Fortunately, FFPE tissues have advantages that we could target the exact locations of the undiagnosed agents on microscopy and take samples for molecular characterization in the absence of fresh or refrigerated tissues. However, PCR with FFPE tissues need to be careful because it could fail to react due to the preservation status [28] . Molecular studies on a partial region of hemoprotozoal cyt b gene suggested that the strain in this study was closely related to L. caulleryi reported in Japan and Malaysia, where chicken leucocytozoonosis was endemic. As a vector-borne disease, the occurrence of chicken leucocytozoonosis is strongly associated with the distribution of its insect vector, C. arakawae [29] . Culicoides spp. has been an abundant fauna among hematophagous insects and has been reported in various regions of Asia where the climate, land use, and vegetation meet the demand for survival and reproduction for these disease-vector insects [30] . The large distribution of C. arakawae throughout Asian countries could predispose the transmission and circulation of L. caulleryi, and strong winds and typhoons that occur in the summer could promote the prevalence of chicken leucocytozoonosis in late summer or early fall [31] . C. arakawae is a species that prefers an avian host, and a greater population of C. arakawae were captured near chicken farms than livestock farms [30, 32] . In this sense, biosecurity is important for preventing this ornithophilic insect from contacting chickens. The introduction of windowless houses was attributed to a decrease in the occurrence of chicken leucocytozoonosis in the early 2000s in Japan [9, 30] . However, the chickens from the farms in this study were infected with chicken leucocytozoonosis despite being reared in windowless houses. This means that Culicoides infiltrated the physical biosecurity barrier and contacted the chickens. Moreover, as the demand for the organic products and the interest in animal welfare are increasing [33] [34] , there are more open area farms and more chances for chickens to come into contact with insect vectors. Thus, there is currently a greater opportunity for outbreaks of chicken leucocytozoonosis [9, 22, 29, 35] . Importantly, farmers and veterinarians need to be cognizant of the symptoms of chicken leucocytozoonosis and need to be aware that is a possible egg production-related disease in layer chickens in Korea, especially in the summer. In this study, the pathogenesis of egg production losses was histopathologically observed in the ovary and oviduct. Considerable numbers of megaloschizonts were found in the ovary and in the uterus, which resulted in malfunction of ovum production and oviductural secretion. The importance of controlling and preventing leucocytozoonosis in egg-laying hens has been reported in Japan where chicken leucocytozoonosis has continually been a problem [11] [12] . In this sense, when poor health or egg production problems arise in layer chicken in Korea, chicken leucocytozoonosis needs to be considered as a possible cause. Histopathologic examinations are an important tool for accurately diagnosing poultry diseases, especially in liver diseases, as leucocytozoonosis can easily be confused with fatty liver or FLHS and can occur in spite of windowless houses.
